Background: Laribacter hongkongensis is a facultative anaerobic, non-fermentative, Gram-negative bacillus associated with community-acquired gastroenteritis and traveller's diarrhoea. No clinical MDR L. hongkongensis isolate has been reported yet.
Introduction
Laribacter hongkongensis is a facultative anaerobic, non-fermentative, Gram-negative bacillus that belongs to the family Neisseriaceae. The bacterium was associated with community-acquired gastroenteritis and traveller's diarrhoea, 1 and epidemiological studies revealed extensive existence of the bacterium in freshwater fish and edible frogs. 2, 3 Extraintestinal infections caused by this bacterium were also reported. 4 ,5 WGS of L. hongkongensis HLHK9 identified multiple genes associated with bacterial virulence and antibiotic resistance, 6 and antibacterial treatment might be necessary for immunocompromised patients. 7 Several reports have described the vast resistance spectrum in this bacterium, [8] [9] [10] and emergence of MDR L. hongkongensis has been reported in environmental strains isolated from freshwater fish and frogs. 9 However, so far no MDR strains have been reported in clinical cases. Here we describe the identification and genomic characterization of a clinical L. hongkongensis isolate with resistance to multiple antibiotics.
Materials and methods

Bacterial identification and antimicrobial susceptibility testing
From January to May 2012, faecal samples were collected from outpatients that had potentially suffered from community-acquired diarrhoea in the First Affiliated Hospital of Guangzhou Medical University. L. hongkongensis was cultured and identified by biochemical tests as described previously. Further confirmation with a 16S rRNA gene-based PCR detection assay and DNA sequencing were also carried out. 3 The Etest method was performed for susceptibility testing and the MIC results were interpreted as previously described. 
Genome sequencing and analysis
The extracted DNA of HLGZ1 was sequenced by single-molecule sequencing (PacBio RS) and Illumina MiSeq paired-end sequencing. The only large consensus was obtained by PacBio subreads assembly through a selfcorrection method. 11 In addition, MiSeq sort reads were conducted to correct the consensus. Coding genes, rRNAs and IS elements were predicted and sequence similarity searches along with a combination of various reference data sets were used to annotate the predicted genes and motifs (see Supplementary Methods, available as Supplementary data at JAC Online, for detail). The same pipeline was performed to re-annotate the genes and motifs in the WGS of HLHK9 (accession number CP001154) for comparison with HLGZ1.
MLST analysis
The sequences of seven loci in the genes rho, acnB, ftsH, trpE, ilvC, thiC and eno were trimmed from the HLGZ1 genome sequence according to the primers of a previous study. 12 The types of alleles were identified and the ST numbers were designated by the L. hongkongensis MLST database. 12 
GenBank accession number
The nucleotide sequence for the complete genome sequence of L. hongkongensis HLGZ1 was submitted to GenBank under the accession number CP022115.
Results
Isolation of L. hongkongensis HLGZ1
L. hongkongensis HLGZ1 was isolated from a 51-year-old male resident in Guangzhou City, China. He went to see his doctor in January 2012, because he had loose and watery stools at a rate of five times per day lasting for 3 days. He had no fever, vomiting or abdominal pain. He had not travelled to other cities in the recent year, but he claimed that he ate outside and consumed both freshwater fish and frogs 2 days before he became ill. Results of testing for Salmonella spp., Shigella spp., Vibrio spp. and Aeromonas spp. in the same stool sample were all negative. Antimicrobial treatment was not given and the patient's diarrhoea discontinued on the third day after going to the hospital. No further epidemiological investigation was performed.
Antibiotic susceptibilities
HLGZ1 exhibited an MDR phenotype to commonly used antibiotics in clinical practice. It was resistant to eight classes of antibiotics, including b-lactams (ampicillin, ampicillin/sulbactam, ceftriaxone and ceftazidime), quinolones (ciprofloxacin and levofloxacin), aminoglycosides (streptomycin), sulphonamides (sulfamethoxazole), trimethoprim, macrolides (erythromycin), tetracycline and rifampicin. For amikacin, an elevated MIC value (16 mg/L) was also observed. High susceptibility was only detected for imipenem with a low MIC value of 0.0625 mg/L (Table 1) .
General features of the HLGZ1 genome
The complete genome of L. hongkongensis HLGZ1 is a single circular chromosome of 3424272 bp with a G ! C content of 62.29% ( Figure S1 ). When the whole genome of LHZG1 was aligned to HLHK9, the dot plot result showed that the consistent region appeared almost on the diagonal ( Figure S2 ). In contrast to the HLHK9 genome, a large inverted fragment was detected at position 1.7-1.9 Mb for HLGZ1. HLGZ1 had more genes than HLHK9 in many functional classifications, such as Cluster of Orthologous Groups K, L, V, U, C and H. There was a significant difference between HLGZ1 and HLHK9 in the numbers of the L functional categories (replication, recombination and repair, P " 0.0169, v 2 test; Figure S3 ). HLGZ1 had more motifs than HLHK9 in the top gene ontology (GO) categories of molecular function and biological process, including single-organism process (GO: 0044699), cellular process (GO: 0009987), metabolic process (GO: 0008152), binding (GO: 0005488) and catalytic activity (GO: 0003824) ( Figure S4 ). Enrichment analysis also showed that HLGZ1 had a relatively greater abundance of motifs associated with DNA metabolism and recombination (Tables S1 and S2 ). Wu et al.
Acquired resistance gene clusters
Like other L. hongkongensis strains, HLGZ1 carries a chromosomal class C b-lactamase gene encoding resistance to most b-lactams. 13 GyrA (T85I and D89N) and ParC (S83R) mutations were also detected, which have been associated with quinolone resistance in L. hongkongensis.
14 Moreover, there were two antibiotic resistance clusters (RC1 and RC2) including 15 acquired resistance genes in the HLGZ1 genome, which were absent in the HLHK9 strain (Figure 1 ). Of these resistance genes, nine were located in RC1 ranging from 882 to 897 kb while six were located in RC2 ranging from 2850 to 2859 kb in the genome map. Sequence analysis of RC1 revealed a large integron-like structure bracketed by two IS6100 elements with opposite directions. Two resistance gene cassette arrays, aac(6 0 )-Ib-cr-aadA2-Dqac-Dsul1-floR-tetRtetG and arr-3-dfrA32-ereA2-Dqac-sul1, were identified in this structure and separated by three ORFs with regulatory or recombination functions. Interestingly, these gene arrays showed significant nucleotide sequence identities (.98%) with the MDR region of Salmonella Genomic Island 1 from Salmonella enterica serovar Typhimurium DT104, which was carrying aadA2-Dqac-Dsul1-floRtetR-tetG and pse-1-Dqac-sul1. 15 The other resistance cluster, RC2, carried a class 1 integron with a gene array of intl1-arr3-dfrA27-Dqac-sul1-aph(3 0 )-Ic. This region shared 99% sequence identity with a class 1 integron located on a Vibrio cholerae plasmid pRJ354C, despite the absence of the aph(3 0 )-Ic gene within the plasmid. 16 RC2 also carried a tetR-tetA operon bracketed by two IS6100 elements downstream of the class 1 integron structure. This operon was identical to a previously reported sequence within an L. hongkongensis plasmid, pHLHK22. 17 The presence of resistance genes in RC1 and RC2 were in accordance with the antimicrobial susceptibility profile of HLGZ1 (Table 1) .
MLST analysis
L. hongkongensis HLGZ1 was specified as ST167, a novel ST with allele profiles of 34-42-47-51-26-50-34. HLGZ1 was grouped with ST111 by clustering analysis ( Figure S5 ) with two other isolates of L. hongkongensis, GZ-W1 and GZ-W66, which were isolated from a raising tiger frog in the autumn of 2008 (GZ-W1) and from a frog classified as Hylarana guentheri in the spring of 2009 (GZ-W66). 18 
Discussion
It is still controversial that L. hongkongensis human isolates originated from environmental strains. In this study, the patient had eaten both freshwater fish and frogs before becoming ill, showing Emergence and genomic analysis of MDR L. hongkongensis JAC a highly possible correlation between these aquatic products and his gastric symptoms. The antimicrobial susceptibility results of HLGZ1 also demonstrated an MDR phenotype, which is consistent with that of some environmental strains, particularly frog isolates. Moreover, two frog isolates and HLGZ1 were grouped into the same cluster by MLST analysis, showing a significant genetic correlation of these strains. Although the precise origin of HLGZ1 is still unclear, the emergence of MDR L. hongkongensis in human cases raises concern for public health and infection control in epidemic areas.
HLGZ1 was the second fully sequenced L. hongkongensis genome with more genes than HLHK9 in terms of DNA recombination and antibiotic resistance. Our findings have also identified more complicated resistance determinants, including large genomic islands with integrons, transposons and ISs. The use of formerly recommended antibiotics for treatment may not be effective for HLGZ1 infection. New strategies for antibiotic treatment (e.g. carbapenems) in infected patients should be considered and evaluated, particularly in cases of extraintestinal infections due to MDR L. hongkongensis.
High sequence similarity of RC1 and RC2 in HLGZ1 with resistance regions of other gut pathogens (e.g. S. enterica serovar Typhimurium and V. cholerae) suggests the existence of genetic exchange events among these bacteria. Moreover, given the rare scenarios of coinfection by these pathogens, resistance gene transfer was more likely to occur in water habitats or gut microenvironments of aquatic animals. Extensive use of antibiotics in freshwater fish farming may provide selective pressure for resistance gene acquisition and maintenance of chromosomal resistance-associated mutations. Previous studies also reported higher resistance rates in environmental isolates, particularly from frogs, and their association with integrons. 9 Most of these resistant strains were genetically diverse, suggesting that the resistance genes have dispersed among a variety of L. hongkongensis strains with different molecular types. The development of resistance and interaction with other water-borne pathogens for the bacterium are still largely unclear. Further investigations are needed to elucidate the epidemiological features of MDR L. hongkongensis, which may benefit the environmental and clinical control of the bacterium.
